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Synthesis methods to obtain nanoscale materials will be briefly discussed with a focus on sol-gel methods. Three types of 
nanoscale composites (powders, membranes and io  implanted layers) will be discussed and exemplified with recent original 
research results. Ceramic membranes with a thickness of 1-10 ktm consist of a packing of elementary particles with a size of 3-7 
nm. The mean pore size is about 2.5-3 nm. The preparation routes are based on sol and sol-gel technologies. The pores can be 
modified by liquid as well as by gas deposition techniques. This leads to modification of the chemical character and the ffective 
pore size and gives rise to microstructure elements well below th  sizeof the pores (3 nm). The modification fceramic surface 
layers with a thickness of 0.05-0.5 lam by ion implantation a d annealing procedures yields amorphous or strongly supersatured 
metastable solid solutions of e.g. Fe203 (or TiO2) in zirconia-ynria solid solutions orof very finely dispersed metal particles in 
the ceramic surface layers. Particle sizes are of the order of 2-4 nm. Both types of structures have interesting transport, catalytic 
and mechanical properties. 
1. Introduction and general considerations 
Nanocrystal l ine materials can be thought of as a 
polycrystall ine state of matter in which the size of 
the individual crystallites i of  the order of 1-50 nm. 
In some cases these crystallites form the elementary 
building units of  the microstructure, in other cases 
they form a substructure of ceramic grains. 
Characteristic s the large volume fraction of the 
atoms located in grain boundaries or interfacial re- 
gions. In grains with a size of 5 nm and a thickness 
of  the grain boundary region of  I nm already 50% of 
the atoms is located in that grain boundary region. 
In this region the composit ion, structure (coordi- 
nation) and chemical binding is different from that 
of  the bulk. Consequently quite different properties 
must be expected for nanocrystall ine materials. This 
will especially be the case when the microstructural 
scale is comparable to the physical dimensions that 
characterise the phenomena (domain size, Debye 
length in surface region, dimensions of plastic zone 
around a crack t ip),  when the property is dependent 
on a large volume fraction of the interface or on the 
very small radius of curvature. Some il lustrative re- 
suits are given below. 
Recently Gleiter [ 1 ] showed that properties like 
density, specific heat and thermal expansion of met- 
als (Fe, Cu, Ti)  are in the nanoscale structure quite 
different from those in the bulk. Nanoscale com- 
posites could be produced in Au-CaF2, Pb-A1203 and 
Au-polyethylene systems. 
Some examples of  exotic non-addit ive properties 
which can be obtained in heterogeneous mixtures are 
given by Yanagida et al. [2]. A heterogeneous (po- 
rous) mixture of (acid) TiO2 and (basic) MgCr204 
is much more sensitive to humidity than each of the 
components. The same holds for mixtures of CuO 
and ZnO, the hetero contact points giving the ma- 
terial sensitivity to humidity and selectivity for CO 
oxidation. Some novel micro- and nano-structures 
which can be obtained by advanced processing are 
discussed by Bender et al. [ 3 ]. Interesting results are 
mentioned in some toughened materials with im- 
proved mechanical properties (A1203-MgO-TiO2, 
A1203-SiO2-TiO2 and A1203-ZrO2). Metastable 
structures could be obtained from rapid quenching 
of droplets of  the melt phase (obtained by different 
methods [ 3 ] and by ion implantat ion [4 ] ). 
Ceramic membranes with nanoscale structures are 
reported for monophasic, diphasic and modif ied 
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materials by Burggraaf et al. [5,6] and for xerogels 
by Komarmeni  et al. [7]. 
In this paper a brief review will be given of the dif- 
ferent methods to obtain nanoscale structures in ce- 
ramic materials. Some typical results will be men- 
tioned, a more thorough treatment will be postponed 
to a later paper. The latter sections of this paper will 
be focused on recent results in ceramic membranes 
and in ion-implanted layers. 
2. Synthes is  methods  and pr inc ip les  
The most important synthesis methods are sum- 
marised in table 1. 
Starting with solids, spinodal decomposit ion of 
glasses by heat treatment followed by acid leaching 
results in porous glasses (Vycorglass) with a pore size 
around 4 nm. This technique is discussed too by Hurt 
and Viechnicki [8] to initiate the nucleation of a 
crystalline phase in the synthesis of glass ceramics. 
For the ZrO2-A1203-SiO2 system a spinodal sepa- 
ration wavelength for the resulting two-phase mix- 
ture down to 2.5-5 nm could be obtained. 
A second method makes use of ordering reactions 
in solid solutions resulting in micro (nano) domain 
formation. Results are discussed by Burggraaf et al. 
[ 9 ] and by Randall et al. [ 10 ]. For the ferro electric 
perovskite structure Pb(Sco.sM0.503) with M=Nb 
or Ta the disordered Sc/M sublattice could be or- 
dered by heat treatment starting from domains with 
a size of  about 20 nm which grow during further an- 
nealing. Another example is the formation of nano- 
domains with pyrochlore structure in the oxygen ion 
conductive fluorite structures (TbxGd~_~)2- Zr207 
[ 11 ]. The domains have an average diameter ang- 
ing from a value smaller than 10 nm for x=0.2  to 
100 nm for Gd2Zr2OT. They grow during annealing, 
Table 1 
Synthesis methods for nanoscale structures. 
Process type Product 
( 1 ) From solids 
1. (spinodal) demixing 
2. micro (nano) domain 
formation 
(a) leaching porous glass 
(b) (re)crystallisation glass ceramic 
ordering reactions ceramics 
by heat reatment (electr., mech. ) 
(2) From gases or melt 
1. chemical decomposition 
2. nucleation/quenching 
3. (metastable) crystallisation/ 
quenching 
thermal decomposition 
of organometallic precursor 
evaporation-condensation 
of powder; 
compaction 
laser of plasma melting, 
splat cooling, 
compaction 
ultra fine 
ceramics and 
metals 
( 3 ) From sols or gels 
1. colloidal packing 
2. restructuring ofgel 
gelation of colloidal 
suspension 
(partial) crystallisation 
of polymeric gel 
single phase and 
composite: 
1 ) powders 
2 ) monoliths 
3 ) coatings 
4) membranes 
(4) Modification technologies 
1. porous ultrastructures 
2. surfaces/interfaces 
impregnation-precipitation 
in xerogels or ceramics 
- ion implantation 
- segregation 
see 3.1. 
with modified properties 
layers with metastable composition 
and structures 
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have interesting catalytic properties in oxidation re- 
actions and finally form antiphase boundaries with 
rapid oxygen diffusion pathways. A second group of 
methods tarts with the nucleation of the new phase 
in a gas or melt, followed by condensation and/or 
rapid cooling (quenching). Only a few examples will 
be given below. In this way Gleiter [ 1 ] reports the 
evaporation/quenched condensation of metal par- 
ticles followed by cold compaction of the powder. In 
the case of Ti, the metal is oxidised before compac- 
tion. The final oxide compact should have a particle 
size of l-10 nm and behave more or less plastically. 
Interesting results are briefly reported by Bender et 
al. [12] for powders obtained by splat (or anvil) 
cooled droplets of ceramic melts, followed by a con- 
solidation treatment. This results in metastable 
phases and a duplex type of micro (nano) structure 
for A1203-MgO-TiO2, A1203-SiO2-TiO 2 and A1203- 
ZrO2 materials. Kalonji [ 13 ] reports for the eutectic 
composition in the A1203-ZrO2 system a lamellar 
structure with a spacing of 15-100 nm. The molten 
droplets are in these cases obtained by plasma or laser 
melting of the oxides. In the transformation tough- 
ened system ZFO2-Y203 a nanoscale substructure is 
observed within each grain, consisting of the tetrag- 
onal prime (T ~ ) phase and forming antiphase 
boundaries and very clean grain boundaries [ 13 ]. 
The third group of methods tarts with the syn- 
thesis of a colloidal suspension (sol) and/or a gel 
from which are produced powders, coatings, mono- 
lithic xerogels and ceramic membranes by subse- 
quent heat treatment and/or crystallisation. There 
exist many variations and its importance in the pro- 
duction of advanced ceramics is reflected in the rap- 
idly expanding literature and congress activity 
[14-17]. 
The main characteristic of this group of methods 
is its ability to form very small elementary particles 
(3-10 nm) which in the liquid are loosely bound in 
larger aggregates (up to 1 Ilm). During further (ap- 
propriate) processing the aggregates can be broken 
down and a more or less regular and uniform pack- 
ing results in powder particles or layers with mean 
pore sizes down to 2.5 nm. The advantages of the 
method are tabulated below and include the synthe- 
sis of: 
(1) new glasses or ceramic compositions which 
cannot obtained by conventional processing; 
(2) novel phase distributions and/or tailored 
heterogeneity; 
(3) exceptional (chemically) homogeneous and 
pure materials; 
(4) materials with strongly decreased sintering 
temperature and consequently small grain size; 
(5) materials with mixed organic and inorganic 
functionalities. 
The sol-gel process can be divided in two main 
routes which are shown in fig. 1. In both cases a pre- 
cursor is hydrolysed while simultaneously conden- 
sation/polymerization reactions occur. In the col- 
loidal route the hydrolysis rate is fast by reacting the 
precursor with excess water and a precipitate of ge- 
latineous hydroxide particles is formed which is pep- 
tised in a subsequent step to a stable colloidal sus- 
pension. The elementary particle size ranges, 
depending on the system and the processing, from 3 
to 15 nm and these particles form loosely bound ag- 
glomerates with sizes ranging from 5 to 100 nm. The 
size of those agglomerates can be decreased e.g. by 
ultrasonification f the suspension. By increasing the 
concentration and/or manipulation of the surface 
(zeta) potential of the sol particles the suspension is
transformed now into a gel structure consisting of 
interlinked "chains" of particles (see fig. l ). The 
packing density of such structures can vary from very 
loose to rather dense depending on the zeta poten- 
tial. According to Aksay and Schilling [ 18 ] colloidal 
suspensions behave like molecular systems and a 
phase diagram can be constructed. In the polymeric 
route the hydrolysis rate is kept low by adding suc- 
cessively small amounts of water. The precursor is 
partly hydrolysed, OH-groups attached to metal at- 
oms are formed and these hydroxyl groups give rise 
to condensation reactions yielding a viscous solution 
of inorganic-organic polymeric molecules. Further 
condensation/polymerization y eld a strongly inter- 
linked gel network, containing a certain percentage 
of organic material. 
In both routes the gels are dried. This is a critical 
process tep which strongly influences the structure 
of the obtained xerogel particles and its properties 
(pore size distribution, porosity, internal surface). 
In most cases the aim is to obtain soft agglomerates 
which can be packed more efficiently by subsequent 
application of pressure or can be dispersed again in 
solution. Finally a heat treatment (calcining or sin- 
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Colloidal 
gel route / 
Metal salt or Polymeric 
alkoxide ~ gel route 
precursor 
SOL: . o .o  • 
• , . .o .  O . 
.f 
Colloidal part ic les + 
l iquid 
COLLOIDAL GEL 
\ / 
DRYING and 
SINTERING 
SOLUTION: 
- %  
I inorganic 
polymer molecule 
POLYMERIC GEL 
Powder, f iber ,  coating, membrane, monolith 
Fig. 1. Scheme of sol-gel routes. 
tering) converts the hydroxylated oxide to the final 
chemically and mechanically stable oxide 
microstructure. 
Binary systems can be obtained e.g. by mixing of 
sols of different metals [ 19 ] or by the cohydrolysis 
or copolymerization of mixtures of alkoxides 
[20,21]. 
To obtain very intimately dispersed (homoge- 
nous) mixtures the polymeric gel route seems to be 
preferable because here the different metal ions in 
different precursors are linked before they can sep- 
arate. The ultimate precursor should be then an al- 
koxide containing two different metal atoms in one 
precursor molecule. A process coming close to this 
ideal situation is reported by Morgan et al. [ 22 ]. For 
the A1203-ZrO2 system they obtained an ultimately 
dispersed system. 
An interesting method to vary the surface chem- 
istry of particles is to coat them. This is reported by 
Iler [ 19 ] for the production of binary sols of silica 
and alumina. These coagulate by simple mixing. If 
the silica sol particles are coated with a 1 nm thick 
alumina film a homogeneous sol can be obtained. 
Similar results are reported by Heistand et al. [23] 
in the synthesis of composite powders of AI203-T iO  2 
and A1203-ZrO 2. The principle used is shown in fig. 
2 and makes use of the hydrolysis ofTi isopropoxide 
in an alumina dispersion. In the case of TiO2 coated 
with alumina, spheroidal particles with a surface area 
oxide (M1) I I M 2 alkoxide 
di spersi on sol uti on 
[Hydrolysis with H20 ] 
1 ® 
c lc 'nin& 
M 2 M 2 M I-M 2 
reaction product 
Fig. 2. Schematic representation of composite preparation by a 
coating procedure. 
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(SBET) of 190 m2/g I were obtained. In the case of 
A1203-ZrO2, water free alumina dispersed in a so- 
lution of Zr tetra-n-propoxide in dry alcohol was 
mixed with a water-alcohol solution. The alkoxide 
was hydrolyzed now both interstitially and on top of 
alumina particles. The resulting powder was auto- 
claved at 250°C (this results in an improved con- 
solidation behaviour). Most of the zirconia particles 
are attached to alumina particle surfaces and a very 
finely dispersed uplex type structure is obtained. 
In many cases the materials obtained in this way 
are characterized by the surface area SBET (m2/g). 
In the case of dense, spherical particles this surface 
area can be related to the particle size D by (Ramsay 
and Avery [24] ): 
SBET = 6 / ( D* Sox,dc ) (1) 
with So~d~ is the density (g/m 3) and D, the particle 
diameter (m). Furthermore the pore size rp is (lin- 
early) related with D. Using this equation elemen- 
tary particle sizes ranging from 5 nm or smaller 
(SiO2, CeO2) to 15 nm can be calculated and they 
are frequently reported with corresponding pore sizes 
of ~2 nm (SiO2, CeO2) to 10 nm. The materials are 
used for the synthesis of ultra fine grained ceramics, 
ceramic membranes and catalysts and can be further 
modified to even finer structures (section 4). 
3. Ceramic membranes 
Ceramic membranes consist essentially of a po- 
rous support of a few millimeter thickness, a porous 
intermediate layer of 10-100 ~tm thickness with pores 
of 0.05-0.5 ~tm and the proper membrane (separa- 
tion layer) with a thickness of 1-5 t~m. This last layer 
must have a (very) sharp pore distribution and a 
mean pore size down to 2.5 nm (fig. 3). This sep- 
aration layer can be further modified (section 4). 
They can be made in different ways. The most fre- 
quently used methods are slibcasting onto the sup- 
port system with a sol of the membrane material 
(which is produced by the colloidal route 
[25,26,31 ] ) or by film coating with precursor ma- 
terial produced by the polymeric gel route [28,29] 
(see fig. 1 ). 
During careful drying, capillary forces cause com- 
paction of the gel and a regular packing of particles 
4---,x. 
i. porous support (i-15 mu pores) 
2. intermediate layer(s) (100-1500 nm) 
3. separation (top)layer (3-100 rim) 
4. modification of separation layer, 
1+2 is microfiltration 
or 'primary' membrane 
i+2+3 is ultraf i l trat ion 
or 'secondary' membrane 
i+2+3+4 is hyperfiltration or/and 
gas separation membrane 
Fig. 3. Schematicpresentation ofa multilayerasymmetric mem- 
branesystem. 
(size 5-10 nm) is formed. Finally calcining trans- 
forms the gel material into oxide particles and a sta- 
ble membrane is formed. An essential feature is that 
the membrane is crack and defect free. The smaller 
the elementary particles and the weaker the agglom- 
erates in the sol, the smaller the pore size is and the 
sharper its distribution will be. Therefore the sol-gel 
chemistry is an important step. 
In this way supported and non-supported toplay- 
ers are produced from ]t-Al203, TiO2, CeO2, ZrO2 and 
binary combinations of them [25,26,30 ]. Some typ- 
ical properties are shown in tables 2 and 3. The col- 
umn temperature and time refers to the calcining 
temperature and time respectively. The pore diam- 
eters are calculated from adsorption-desorption 
measurements u ing slit shaped and cylindrically 
shaped geometries respectively as indicated in the 
tables. The non-supported membranes have a thick- 
ness which can be varied between 20 and 200 ~m 
and have a micro structure which is similar to the 
supported ones [25,26,35]. The elementary particle 
shape is important. The most frequently produced 
membranes consist of alumina. It is produced from 
plate shape boehmite particles which are packed into 
a structure represented in fig. 4 as shown by Burg- 
graaf, Keizer and co-workers [25,26 ]. In the calcin- 
ing step the boehmite is transformed into an iso- 
morphous 3,-alumina layer (temperature 450- 
650°C) or 0-A1203 layer (higher temperature). Some 
characteristic microstructural properties are given in 
table 4. 
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Table 2 
Structural properties of non-supported one-component membranes. 
Material Temperature Time Pore diameter Porosity BET-surface Crystal diameter 
(h) (°C) (nm) (%) (m2/g) (nm) 
"f-AIOOH 34 200 2.5 a~ 41 315 ,,~ 5×25( -  50) b~ 
"¢-AIOOH ~ 5 300 5.6 ~1 47 131 ~7×300 ~ 
)'-A1203 34 500 3.2 "~ 50 240 ~5×25( -50)  
7-A1203 ~) 5 550 6.1 a~ 59 147 ~7×300 ul 
y-A1203 34 800 4.8 a~ 50 154 
0-A1203 34 900 5.4 ,i 48 99 
ct-A1203 34 1000 78 d~ 41 15 
TiO2(a) 3 300 3.8 ~1 30 119 sol:5 c} 
TiO2(a+r) 3 400 4.6 o! 30 87 sol: 10-40 t~ 
TiO2(a) sl 3 450 3.8 d~ 22 80 
TiOz(a) sl 3 600 20 d} 21 10 
CeO2 3 300 ~ 2 15 41 
CeO2 3 400 ,,~2 5 ll sol: 10(TEM) 
CeO: 3 600 nd 1 1 
"~ Slit shaped pore model, b) Plate shaped crystals. 
"~ Sol prepared at 200°C in autoclave: a=anatase phase; r= rutile phase. 
~) Cylinder shaped pore model, e~ Primary particle (TEM); nd is not detectable. 
f } Agglomerated sol particles ( 10 nm: use of ultrasonic waves to disperse the agglomerates, laser scattering used as a measuring method ).
g~ Titania stabilized with SO ]- ions. 
Table 3 
Structural properties of non-supported binary composite membrane system. 
Material Temperature Time Pore diameter Porosity BET-surface Crystal diameter 
(h) (°C) (nm) (%) (m2/g) (nm) 
AI203/Ce02 3 450 2.4 cl 39 164 sol: 10 and 50 b} 
( 35 wt% ) calc. : 5 (CeO~) 
Al2OffCeO2 3 600 2.6 46 133 
( 35 wt%) 
AI203/TiO2 3 450 2.5 48 260 
( 30 wt%) 
AI203/TiO2 3 450 2.5 38 220 
(65 wt%) 
A1203 / ZrO2 c i 5 450 2.6 43 216 ZrOz : nd a) 
A1203/ZrO2 c I 5 750 2.6 44 179 ZrO2: nd 
A1203/ZrO2 cl 5 1000 >20 ZrO2:10-15 
a~ Bimodal distribution of CeOz particles, b~ Slit shaped pore model. 
~} 17 wt% ZrO2. o~ Not detectable, probably ZrO2 layer on A1203. 
This structure seems to be advantageous to obtain 
rather easy defect-free structures. With spherical ly 
shaped particles it is considerably more  diff icult to 
obtain crack-free systems and the processing is much 
more critical. In the case ofy-A1203 toplayers the mi-  
cro structure is bui ld up with penny shaped part icles 
with a size o f  25-50 nm (depend ing  on process ing)  
and a thickness o f  about 3.5-5.5 nm [25,26] (see 
fig. 6 and table 2).  In the case of  TiO2, CeO2 and 
ZrO2 the structure consists o f  spherically or equi-axed 
e lementary  particles with sizes ranging f rom about 3 
nm (CeO2, which part icles easily t ransform to larger 
part ic les) ,  5-7 nm (TiO2) or 8-9  nm (ZrO2) (see 
table 2).  
In the case of  the binary systems we have a mix- 
ture o f  plate shaped and spherical ly shaped particles 
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Fig. 4. Model structure ofa y-alumina toplayer. 
chemical reactions and separation processes [ 3 5,36]. 
A review has been recently given by Keizer and 
Burggraaf [32 ]. 
4. Modification of membrane structures and 
surfaces 
4.1. Membranes  
which form crack-free, mechanically stable layers 
with characteristics comparable with 7-alumina 
membranes as long as the volume contribution of the 
other component is smaller than about 30-40%. See 
table 3 and compare with table 2 for alumina mem- 
branes. Detailed structural investigations are in 
progress. Some typical TEM pictures are given in fig. 
6. 
TiO2 membranes are reported too by Larbot et al. 
[ 28 ] with a very small thickness (0.7 ~tm) and pore 
sizes of 5-20 nm. Electronically conductive RuO2- 
TiO2 binary membranes have been synthesized by 
Guizard et al. [29]. Pore diameters of  10-20 nm 
were obtained with membranes from colloidal gels 
and of  less than 5 nm for membranes from poly- 
meric gels. No further microstructural details are 
given. 
These systems how all interesting transport and 
catalytic properties like surface diffusion and im- 
proved selectivity and can be used for influencing 
The membrane (toplayer) structures can be mod- 
ified further by deposit ion of material in the internal 
pore structure from liquids ( impregnation, adsorp- 
t ion) or gases. In this case duplex type structures on 
a scale of 1-2 nm can be obtained. Some results of 
our current research are summarized in table 5. Sev- 
eral possible situations are schematically shown in 
fig. 5 and TEM pictures (fig. 6) show the actual sit- 
uation in some samples from table 5. For silica-based 
xerogels diphasic nanoscale composites are reported 
by Komarneni,  Roy and co-workers [ 7 ]. Typical ex- 
amples in this case were SiO2-AgC1, SiO2-A1PO4, 
SiO2-Nd203 and SiO2-CdS. In all these cases the 
second component is the component which is de- 
posited inside the pore structure of the first one. The 
substructure inside the pores has a characteristic size 
equal or smaller than the pore size (which is 3-8 
nm).  
Monolayer techniques are known from catalyst re- 
search and are reviewed briefly by Burggraaf and 
Table 4 
Microstructural characteristics of alumina membranes a  a function of sintering temperature and time. 
Temperature Time Phase BET-phase Pore diameter Porosity 
(°C) (h) (m2/g) (nm) (%) 
200 34 7-AIOOH 315 2.5 a~ 41 
400 34 y-Al203 301 2.7 53 
170 y-A1203 276 2.9 53 
850 T-A1203 249 3.1 53 
500 34 y-AI203 240 3.2 54 
700 5 y-AI203 207 3.2 51 
120 y-A1203 159 3.8 51 
930 y-A1203 149 4.3 51 
800 34 y-A1203 154 4.8 55 
900 34 0-A1203 99 5.4 48 
1000 34 a-AI203 15 78 b) 41 
550 c) 34 y-A1203 147 6.1 59 
"~ Slit shaped pore model, b) Cylinder shaped pore model. 
c) Prepared from a sol treated in an autoclave at 200°C. 
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Table 5 
Some modified nanoscale ceramic microstructures. 
Membrane Deposit Shape Loading Size 
(nm) 
"/-A1203 Fe or V oxide 
7-A1203 MgO/MgOH 
/-A1203 A1203 / AI (O H ) 3 
5'-A1203 Ag 
"/-A1203, CuC1/KCI 
y-AI203 ZrO2 
TiO2 V oxide 
AI203-TiO2 V oxide, Ag 
0/ct-Al203 ZrO~-Y203 
monolayer 5-10% ~ 0.3 nanometer 
particles 5-100% 
5-100% ,~ 5 nanometer 
particles 5-50% > 10 nanometer 
multilayer 
layers? 
multi layers, 1 - 100% -few nanometer 
props pore size 
a Homogeneous (multi)layers in the 
pores 
b Plugs in the pores (constrictions) 
c Plugs/layers ontop of the pores 
Fig. 5. Schematic microstructures of some modified ceramic 
membrane types. 
Gellings [4]. They are applied now by us in mem- 
brane systems (table 5 and fig. 5a) using adsorption 
of metal acetylacetonates from solution, followed by 
decomposition of the adsorbates. An example is the 
formation of V oxide monolayers in ~/-alumina nd 
binary membranes Table 5). Mg and alumina hy- 
droxides are deposited by a homogeneous precipi- 
tation technique inside the pore system and struc- 
tures and properties are investigated both before and 
after thermal annealing. In the last case the hydrox- 
ides were converted to the corresponding oxides. In 
both cases crack-free mechanically stable modified 
membranes (supported and non-supported) could 
be obtained with locally narrowed (decreased) pore 
sizes and changed transport properties [39]. 
Modification along these lines is reported too by 
Asaeda et al. [ 33 ] starting with 7-alumina layers with 
rather large pores (a few tens of nm) which were 
subsequently treated by A1 isopropoxide and sodium 
silicate forming an alumina silicate inside the pore 
system. This system could be used only successfully 
after thermal treatment in humid air at low temper- 
ature (90 ° C ). 
In our MgO modified systems it could be shown 
by scanning Auger microscopy (SAM) that a ho- 
mogeneous distribution of the MgO within the pores 
and throughout the toplayer (thickness ~ 3-5 tam) 
could be obtained. Consequently the MgO substruc- 
ture has dimensions maller than 3-5 nm. To obtain 
a very high loading a specially developed technique 
has to be used [34]. Electrochemical vapour depo- 
sition (ECVD) techniques are used too, to vary the 
shape and the distribution of the nanoscale deposits 
in the pore system (table 5, A1203-(ZrO2-Y203) 
system). 
4.2. Ion implantation as a synthesis method 
Ion implantation and related ion-mixing processes 
can be used to change the properties of solid sur- 
faces. A review of the main process parameters, 
physical processes, applications and possibilities in 
inorganic and ceramic surfaces has been given by 
Burggraaf et al. [4 ]. 
In the implantation process the surface is bom- 
barded with a beam of high energetic ions (10-500 
keV). Due to the penetration of the ions in the ma- 
terial a modified surface layer is formed. 
Depending on the process parameters the concen- 
tration profile of the dopant ions can be given dif- 
ferent shapes, the penetration depth can be varied 
between some nanometers and about one microm- 
eter and the dopant concentration i the surface can 
be raised to about 50 at%. This implies that strongly 
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Fig. 6. Typical transmission electron microscopy pictures of some 
membrane systems: (a) plate shaped boehmite (ALOOH) sol 
particles, isomorphous with T-alumina membrane particles; (b) 
ceria particles in a binary ceria-alumina membrane calcined at 
450 ° C during 5 h; (c) alumina-zirconia membrane ( 17 wt% zir- 
conia ) calcined at 750 °C during 5 h; (d) dark-field TEM picture 
ofa Ag-modified T-alumina calcined at 450 °C during 5 h. 
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Table 6 
Chemical effects resulting from i plantation. Note: Metastable 
s.s. and compounds possible. 
(I) Reduction/oxidation 
different valencies; nonstoichiometry 
( II ) Bond formation 
1. substitutional incorporation of metal ion-* solid solution for- 
mation (s.s.) 
2. precipitation of implanted metal ions: 
(a) with the matrix ~ compound formation 
(b) with each other-* metal cluster formation, Cermet layer 
supersaturated or metastable compositions can be 
realised. During implantation process the structure 
of the material is strongly changed by the introduc- 
tion of lattice defects and this finally can result in the 
production of an amorphous layer. By subsequent 
heat treatment (annealing) these defects can be 
partly removed without changing the concentration 
profile. A range of chemical effects can result from 
the implantation process (table 6) and very typical 
microstructures can be realised, e.g. the formation of 
microprecipitates (~ 3 nm) embedded in a meta- 
stable supersatured matrix. 
An example of this situation is reported by Burg- 
graaf et al. [ 36 ] and will be summarised below. The 
electric and electrochemical properties of implan- 
rated oxides are reviewed by Burggraaf et al. [37] 
and show interesting changes in conductivity and 
electrochemical ctivity. 
Implantation of ceramic solid solutions of 
(1 -O ,x )ZrO2- (O,x )YOiswi th  x=14-17  (ZY  14-  
17 ) with a high dose of Fe result in a microstructure 
which is summarised in table 7. In the sample code 
the figures give the amount of implanted ions 
(x× 10 L6 at cm-2) ,  the implantation energy (keY) 
and the annealing temperature (C) respectively. 
Initially Fe is present as metallic particles (Fe °) 
and as Fe 2+ and Fe 3+ ions. A part of the Fe 3+ ions 
is dissolved in the ZY matrix (Fe 3+) and the re- 
maining Fe 3+ ions are present in Fe203 micropre- 
cipitates (Fe 3). Annealing leads to complete oxi- 
dation to Fe 3+ at low temperature (~<400°C). 
Transmission electron diffraction/microscopy and 
M6ssbauer spectroscopy show the formation of very 
small Fe203 (hematite) particles (<5 nm) which 
grow after heat treatment at higher temperatures 
( > 1000 ° C). The amount of Fe which can be (me- 
tastably) solved in the ZY matrix amounts 
~4.5× 102t Fe/cm 3. This is about 3-4 times larger 
than the equilibrium concentration. Implantation 
with amounts of Fe>4.5× 102~ Fe/cm 3 results in a 
dispersion of Fe203 with nanoscale dimensions in a 
metastable solid solution of Fe 3+ in ZY ( ~ 5 mol% 
Fe203 in ZY). 
Similar results have been found for Ti implanted 
in ZY. The amount of Ti which can be (metastably) 
solved in the ZY matrix is larger than 16 at% TiO2. 
Table 7 
Composition and (nano) structure of iron implanted ZrOe-Y~O3 solid solutions. 
Sample code State of the implanted iron Fe atom (%) 
Fe Fe ° Fe e+ Fe~ + Fe~ + 
Structure remarks 
as-implanted: 
8-110 
8-15 
2-15 
annealed: 
8-110-400 
8-15-400 
2-15-400 
2-15-1100 
8-110-800 
ZYFel0 
55 29 
27 14 25 
26 
41 
39 
56 
57 
16 
34 
74 
59 
61 
44 
43 
100 
amorphous (RBS) 
microcryst. 30 nm 
amorphous (RBS) 
amorphous (RBS ) 
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A max imum concentrat ion of  about 70 at% TiO2 
could be obta ined in the implanted concentrat ion 
profile. Consequent ly  it is expected that a dispersion 
of  TiO2 (with nanoscale d imens ions)  has been 
formed. This  is invest igated now. 
In these cases use can be made of  nucleat ion-con- 
trol led microstructure deve lopment  by a two-step 
heat treatment.  In this way Legg [38] obtained in- 
teresting microstructures by precipitat ion o f  A1203 
in ion- implanted ZY. 
5. Conclusions 
Powders as well as ceramic membranes  and layers 
can be made with an e lementary bui lding unit of  the 
microstructure (crystal d iameter,  domain)  ranging 
from 2 to 100 nm. 
Ceramic  membranes  having a sharp pore size dis- 
tr ibut ion with a mean pore d iameter  of  3, 0 nano- 
meter  can be made of'/-A1203, TiO2, ZrO2 and CeO2 
and of  binary mixtures of  them. 
The membrane  pore structure has been further 
modi f ied  in several ways with e.g. Fe, V, A1 or Mg 
hydroxide or oxide or with metals like Ag or with 
salts. 
The pore size is decreased in this way as well as the 
chemical  character of  the system. 
Ceramic  membrane  systems can be used for gas 
and l iquid separat ion and for inf luencing chemical  
reactions. Combinat ion  of  typical transport prop- 
en ies  and catalytic act iv ity can lead to enhanced se- 
lectivity and yield, and to a very good control  o f  the 
residence time. 
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